LiFePO 4 , Li 0.98 Mg 0.01 FePO 4 , and Li 0.96 Ti 0.01 FePO 4 were synthesized via a sol-gel method, using a variety of processing conditions. For comparison, LiFePO 4 was also synthesized from iron acetate by a solid state method. The electrochemical performance of these materials in lithium cells was evaluated and correlated to mean primary particle size and residual carbon structure in the LiFePO 4 samples, as determined by Raman microprobe spectroscopy. For materials with mean agglomerate sizes below 20 µm, an association between structure and crystallinity of the residual carbon and improved utilization was observed. Addition of small amounts of organic compounds or polymers during processing results in carbon coatings with higher graphitization ratios and better electronic properties on the LiFePO 4 samples and improves cell performance in some cases, even though total carbon contents remain very low (<2%). In contrast, no performance enhancement was seen for samples doped with Mg or Ti. These results suggest that it should be possible to design high power LiFePO 4 electrodes without unduly compromising energy density by optimizing the carbon coating on the particles.
Introduction
LiFePO 4 is an attractive candidate for use as a cathode material in lithium ion batteries based on environmental and safety considerations. 1, 2 Unfortunately, poor rate capability makes it difficult to utilize LiFePO 4 electrodes fully in lithium cells at room temperature unless modifications are made to the material to ameliorate the low intrinsic electronic conductivity and slow lithium ion diffusion across the LiFePO 4 /FePO 4 boundary. 3 Recently, improvements have been made to LiFePO 4 through optimization of synthesis techniques to minimize the particle size without compromising purity, 4, 5, 6 doping to improve the intrinsic conductivity, 7 addition of metal or carbon particles during synthesis 8 or incorporating organic or polymeric additives to form conductive carbon coatings on the particles during firing. 9, 10 Unfortunately, small particle sizes and even relatively small amounts of conductive additives reduce the tap density and volumetric energy density to a level that may make LiFePO 4 impractical for many common battery applications. 11 Strategies such as the ones described above to improve power density should be optimized to avoid unduly compromising energy density. To accomplish this, it is necessary to gain a complete understanding of synthesis conditions that affect the performance of LiFePO 4 . Sol-gel synthesis is particularly well-suited to such a study, because it results in very pure materials with well-controlled particle sizes, and additives can be readily incorporated prior to firing.
Experimental
LiFePO 4 samples were made by a solid-state reaction and by a sol-gel process.
For the solid state method, a modification of the procedure of Yamada et al. was used. to the solution to adjust the pH to between 8.5 and 9.5. The solution was then heated to 70-80°C under N 2 until a gel formed. For most samples, the gel was transferred to an alumina boat and heated at 2º/min to 500ºC under flowing N 2 , and was decomposed at that temperature for ten hours. The resultant powders were then ground and heated at a rate of 2º/min to 600ºC or to 700ºC under a flow of N 2 gas, for various lengths of time. Table 1 lists the processing conditions for the solid state sample (designated 3A) and the sol-gel samples (designated by batch numbers and the letters SG). For some samples made the same way as 7SG, organic compounds were added during the intermediate grinding step, prior to final firing at 600ºC, in an amount equivalent to 2 wt% C in the mix. These are listed in Table 2 , and designated by a batch number and the letter C.
A Siemens D5000 diffractometer was used to obtain x-ray powder diffraction patterns on the samples, using Cu Kα radiation (λ=1.54A 
Results and Discussion
All materials give x-ray diffraction patterns consistent with LiFePO 4 (or substituted variants) and are phase-pure. No lithium-containing impurities were detected by 7 Li-MAS NMR, and signals were identical for all of the materials that were examined. 12 We found that all LiFePO 4 samples contained elemental carbon as an impurity, which originated from the carbon-containing precursor compounds. The residual carbon content never exceeded 2% (see Table 3 were prepared similarly to 7SG, and were light in color. This is consistent with their low carbon content (Table 3) , and suggests that the intrinsic electronic conductivity of these materials is not significantly better than that of undoped LiFePO 4 . 14 It is also possible that substitution was not successful in these sol-gel prepared samples (small amounts of impurities are difficult to detect using x-ray diffraction experiments, and are essentially invisible if not crystalline). An examination of the surfaces of 14SGA and 14SGB by Raman spectroscopy shows the presence of contaminants not usually seen in typically pure sol-gel prepared samples, which may contribute to the lower utilization found in these samples.
In order to improve the rate capability of the sol-gel LiFePO 4 materials, we attempted to coat them with carbon by incorporating organic additives during the intermediate grinding step, after the initial decomposition at 500ºC. Samples were processed similarly to 7SG. Additives were chosen based on the following criteria: 1)
tendency to decompose rather than evaporate at T≤600ºC, 2) solubility in acetone or another common solvent, to aid in dispersion over particle surfaces during milling, and 3)
tendency to form cyclic compounds upon heating 15, 16 wt. % C). Improved utilization was obtained for most of the samples processed with additives when compared to 7SG (except for 4C). Figure 8 shows capacity as a function of current density for each type of cell (results from several cells were combined or averaged to construct the graph). This presents a more complicated picture, indicating that only 3C is clearly superior to 3A at all current densities tested. None of the electrodes could be utilized fully even at low discharge rates, and all showed a decrease in capacity as the current density was increased, indicating that there are still significant rate limitations. However, the rate of decrease, judging from the slopes of the lines in Figure 8 , is less for the carbon coated samples (except 2C) than for 7SG. Figure 9 shows micro-Raman spectra of the samples processed with organic additives (1-5C) compared to pristine 7SG and 3A powders. 13 This effect can be explained in terms of the increasing amount of larger graphene clusters in the very disordered carbon structure, and, consequently, but it is unlikely to survive heat-treatment at 600ºC. A thermal study of phthalocyanines and polyphthalocyanines 18 indicates an upper stability limit of about 400-600ºC in an inert atmosphere, depending upon the nature of M and other factors. Above the limit, bond cleavage occurs resulting in the release of HCN and other gases. Carbon films produced from polyacrylonitrile display a strong dependence of graphitic order and electronic conductivity on carbonization temperature. 15 Good conductivity can be attained only at temperatures above 900 o C.
In general, carbons produced by pyrolysis of organic or polymeric compounds at temperatures above 700ºC consist of more electronically conductive graphitic and less poorly conductive amorphous domains than those produced at lower temperatures. 15, 19 This presents a dilemma since undesirable particle growth of LiFePO 4 is rapid at 700ºC or above. Still, the differing D/G ratios obtained on the materials in this study suggest that the carbon structure can be manipulated to some extent by proper choice of organic precursors and processing conditions, even at 600ºC. For example, it may be possible to decrease the amount of residual nitrogen in the pyrolysis products of poly(acrylonitrile) by heating samples under argon rather than nitrogen gas. At present, the factors influencing the structure of the carbon produced at 600ºC during synthesis of LiFePO 4 are not well understood. Nor do we know the optimal amount of carbon coating, which is likely to vary with the carbon structure, surface area of the LiFePO 4 powder, and other factors. Ideally, the amount of carbon should not exceed the maximum amount needed to be effective, so as not to compromise energy density unduly.
Alternatively, it might be possible to coat LiFePO 4 with a conductive substrate that can be made in situ at 500-600ºC. For example, room temperature conductivities as high as 1 S/cm have been reported for poly-copperphthalocyanine 20 synthesized under high pressure at 500ºC. It may be possible to produce this by coating LiFePO 4 particles with tetracyanobenzene and a copper salt before heating to the final temperature.
It should be noted, however, that slow diffusion of lithium ions across the LiFePO 4 /FePO 4 two-phase boundary is another factor limiting performance of this material. Thus, it may still not be possible to produce a high-rate material simply by using a conductive coating, since this will not address the diffusivity problem. Although high rate capabilities have recently been reported for LiFePO 4 , 7, 9 not all the details of the electrode configuration were specified. We have noticed better performance for very thin electrodes with high carbon contents (especially if expressed in term of C rates, rather than current densities), but these may not be practical for commercial use. Understanding the factors that go into making such a coating are, therefore, critical, and will be the focus of upcoming work in our laboratory.
Conclusions
Utilization of solid-state or sol-gel prepared LiFePO 4 samples used as cathodes in lithium cells depends primarily upon the structure of the residual carbon (0.5-2%) coproduced during the synthesis process. An increased amount of sp 2 -coordinated carbon relative to sp 3 -coordinated carbon on the LiFePO 4 surface is associated with better electronic conductivity and improved performance of the electrode. Carbon coatings with low D/G (disordered/graphene) ratios can be produced deliberately by adding small amounts of functionalized aromatic or ring-forming compounds before the final heating step in the sol-gel process. Significantly improved utilization and better rate capability was seen for several materials processed with additives, although the total carbon in the samples was lower than 2 wt. % (in some cases, less than 1 wt. %). Implications for electrode design are discussed. Table 1 for sample codes. 
